This paper describes the extension of the photographic plate technique to the recording of fission fragment tracks and the application of this method to the study of rare modes o f fission in the case of the slow neutron fission of uranium. The emission of a short-range group of light particles in the fission of U 235, reported by Cassels, Dainty, Feather & Green, is confirmed and the angular and range distributions of these particles described. In addition, the emission of long-range light particles with ranges up to 45 cm. of air is described. The abundance of this mode o f fission is 1 in 340 + 40 fission events. The angular and range distributions of these long-range particles are given.
I ntroduction
The fission of heavy nuclei into two charged fragments (binary fission) has been investigated theoretically on the basis of the 'liquid-drop' nuclear model by Bohr & Wheeler (1939) , who studied the effect on the stability of the liquid drop of surface deformations described by low-order spherical harmonics. Present & Knipp (1940) pointed out that, in some cases, the deformations may be of such a form that fission into three or more charged fragments occurs. Evidence for the emission of a third charged particle in fission was first obtained in America by Alvarez and by Farwell, Segre & Wiegand (1946) . These workers employed coincidence-counting methods and detected the emission of long-range light particles in the fission of U 235, but their results did not become generally available until March 1947, when the experimental work described in this paper had been completed. The emission of sho^t-range particles in fission was detected by Cassels, Dainty, Feather & Green (1947) , who, using coincidence-counting methods, found that in the fission of the uranium isotope, U235, by slow neutrons, light charged particles were emitted in addition to the two heavy fragments in approximately 4 % of fission events, supposing the emission to be isotropic. Some results were obtained which suggested that the 'secondary' charged particles were a-particles with an energy of approximately 1 MeV.
The counting experiments were carried out in the presence of a high background flux of fast neutrons and the statistical accuracy of the results was low; it was therefore decided that the experiments should be repeated by a different method which would enable in dividual fission processes to be examined in detail. For this purpose, a track-recording technique, such as the expansion chamber or the photographic plate method, is eminently suitable. An expansion chamber has been successfully used by Boggild, Brostrom & Lauritsen (1940) in recording the tracks of fission fragments, but this method suffers from the dis advantage that the fragments originate in thin uranium foils in such a way that the point of fission, which is of special interest in an investigation of multiple fission processes, is obscured. The photographic plate method is free from this defect, since it is possible to record in an emulsion the tracks of pairs of fission fragments, including the point where fission occurs. This method was first used by Lark-Horowitz & Miller (1941) . Attempts made by Kinsey and others to investigate rare fission phenomena by this method, using half-tone plates of the standard type, were unsuccessful because of the difficulty of distinguishing fission tracks from those of the natural a-particles emitted by the uranium from the time of its incorporation in the emulsion to the time of development, and protons, knocked on by neutrons during the irradiation of the plates. However, the introduction by Demers (1946 a) and by Ilford Ltd. of concentrated emulsions (Powell, Occhialini, Livesey & Chilton 1946) has led to considerable improvements in the photographic plate technique, and these have rendered possible the production and identification of fission tracks m large numbers (Green & Livesey 1946) .
This paper describes an investigation, by the photographic plate method, of those modes of fission which give rise to the emission of three charged particles. Some preliminary results were reported to the Physical Society Conference held at Cambridge in July 1946. A brief account of the work has been published already (Green & Livesey 1947) and similar obser vations have been described by Demers (1946 £) and by Tsien, Chastel, Ho & Vigneron (1946) . A detailed comparison of all the experimental results available at present is included in the last section of this paper.
T he production a n d identification of fission TRACKS IN PHOTOGRAPHIC EMULSIONS
In order to record the tracks of fission fragments in the Ilford Nuclear Research plates, the emulsions were first impregnated with uranium by immersion in a solution of uranyl acetate in dilute acetic acid. The period of immersion depended on the thickness of the emulsions used, and varied between lh r . for 20 / / layers, and 12 hr. for 100// layers. This treatment produced a uniform distribution of the uranium salt throughout the thickness of the emulsion. The plates were dried in a current of air, then enclosed in light-tight boxes and irradiated with slow neutrons. The neutrons were produced by bombardment of a lithium hydroxide target with 4-5 MeV protons accelerated in the Cavendish Laboratory cyclotron. This produced neutrons with a maximum energy of 3 MeV, and these were slowed down by surrounding the cyclotron target chamber with paraffin blocks to a thickness of approximately 30 cm. The plates were placed inside the stack of paraffin blocks at a distance of 15 cm. from the target, and, with a beam current of 50//A, irradiations lasting 1 hr. were carried out. At the end of this period the plates were processed.
In developing the plates, it was necessary to allow for the action of the acetic acid present in the emulsions in retarding the development process. This effect is similar to that caused by under-development, and it was found to be most pronounced in the deeper layers of the 100// emulsions. In order that these layers should be developed sufficiently, it was necessary to develop the plates for a considerable period in very dilute reagents. It is possible to remove the acetic acid before development by washing the plates, but this method gave less satis factory results. The best results were obtained by developing the plates, immediately after exposure, for 40 to 50 min. in a solution containing I.D. 19 X-ray developer diluted to the extent of 1 part in 10 parts of water. The plates were then immersed for 5 min. in a potassium metabisulphite stop-bath, fixed for 2 hr. in a 30 °/Q hypo solution, and were finally washed and dried.
During the period between the impregnation and the processing of the plates, appreciable numbers of a-particles were necessarily emitted by the uranium. In addition, the sensitive PARTICLES IN THE SLOW NEUTRON FISSION OF URANIUM 325 layers were traversed by protons scattered by fast neutrons, which are always present when slow neutrons are produced by the use of paraffin wax, and by protons emitted in the dis integration by slow neutrons of nitrogen present in the gelatin of the emulsion. The plates were also affected by y-rays arising from various sources; these were of sufficient intensity to cause some general fogging. In order that fission tracks may be observed in the presence of such an intense background, it is necessary to employ emulsions which, while having the normal sensitivity to particles of high specific ionization, have a relatively lower sensitivity to particles of low specific ionization. In such emulsions the tracks of a-particles and fission fragments may be of normal strength while proton tracks are not recorded. Emulsions possessing the property of particle discrimination were prepared by applying the technique of desensitization, which has been described elsewhere (Powell et al. 1946) . Preliminary tests were carried out with chromic acid as the desensitizing agent, but it was found that the uranyl salts used in impregnation of the plates accomplished the same purpose. This was shown by the results of a series of measurements on the average grain density of fast proton tracks produced in Ilford B 1 emulsions which had previously been treated with solutions containing different amounts of uranyl acetate dissolved in 10 % acetic acid. The results are represented in figure 1, in which the average grain density of 2 MeV proton tracks is plotted as a function of the concentration of uranyl acetate for different periods of development. It will be seen that the proton tracks are inhibited in B 1 plates treated with 2 % uranyl acetate solution, and that this inhibition limit does not depend markedly on the development time. At the same stage of desensitization the a-particle tracks produced by disintegration of uranium are still clearly visible. The tracks of the a-particles are not appre ciably diminished in intensity until the concentration of uranyl acetate reaches 4 %.
The discriminating property of desensitized emulsions may be illustrated by an experi ment in which a series of B 1 plates was immersed in 1, 2 and 4 % solutions of uranyl acetate and was irradiated with slow neutrons under the same conditions. After development, the 1 % plates were found to contain a-particle tracks, the ranges of which corresponded to the energies of a-rays emitted by the isotopes U 234 and U 238, and also a few weak proton tracks. The background of single developed grains was high, but it was much less than that produced in untreated B 1 plates. Some very dense tracks were observed. The mean range of these was 24-0/4, that is, considerably greater than the maximum range of a-particles emitted by uranium. These longer tracks were caused by pairs of fission fragments. Figure  17 , plate 11, shows a uranium a-particle track and a double-fission fragment track recorded in a 1 % plate and photographed in the same field of view of the microscope. It will be seen that there is an appreciable difference in grain density between the two tracks, and this feature, together with the longer range of the fission tracks, enables the observer immediately to identify the two types of track. The 2 % plates, representing a further stage in the desensitization of the B 1 emulsion, were found to contain fission and a-particle tracks only, the proton tracks being entirely inhibited. Figure 2 shows the distribution in range of tracks observed in one of these plates, the two histograms referring to dense (fission) tracks and light (a-particle) tracks respectively. The two groups were almost completely resolved, and partial resolution of the a-particle groups produced by the isotopes U 234 and U238 was obtained. The mean range of the fission tracks in these plates was 23-5//.
The 4 % plates recorded a-particle tracks only very weakly, but the grain density of the fission tracks was not much less than that in the 2 % plates. Figure 18 , plate 11, shows a fission track and two a-particle tracks photographed in the same field of view. The range distribution of the tracks is reproduced in figure 3 , where it is seen that the a-particle group, though poorly defined, is still separate from the fission group. The mean range of fission tracks in the 4 % plates was found to be fi.
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range in divs. These results show that it is possible to obtain B 1 plates varying widely in sensitivity and discriminating power by employing different concentrations of uranyl acetate in the impregnating solution. Further tests were carried out on other types of emulsion, and fission tracks were produced and identified in C 1, C 2 and D 1 plates. The C 2 emulsion was found to be generally similar in properties to the B 1 emulsion, while the C 1 and D 1 types were progressively less sensitive. C 1 plates treated with 1 % uranyl acetate solution did not record proton tracks, and D 1 emulsions impregnated with uranium did not detect either protons or a-particles, although fission tracks were satisfactorily recorded.
It was shown, in a separate experiment, in which plates surrounded by cadmium shields were irradiated with neutrons from the cyclotron source and paraffin moderator, that approximately 99 % of the fission tracks occurring in the plates were produced by neutrons in the cadmium absorption band. Since the isotope U 238 is not known to be fissionable by slow neutrons, whereas fission of the isotope U 235 is induced by neutrons of all energies, it is evident that less than 1 % of the fission tracks observed were due to the isotope U 238.
Observations of the details of the fission tracks were carried out with a microscope magni fication of x 1500, obtained by using a 2 mm. oil-immersion objective in conjunction with eyepieces of power x 15. The general features of the tracks resemble those shown in cloudchamber photographs published by Boggild et (1940) . Many collisions occur between the moving fragments and the nuclei composing the material of the emulsion, and forked tracks, showing the nuclei recoiling after impact, are frequently observed. An example of a fission track with several branch tracks is shown in figure 19 , plate 11. The recoil tracks were made the subject of a separate investigation, which is described in the next section.
The point of fission cannot be located exactly in the tracks produced in these plates because the specific ionization is not highly dependent on the mass of the ion at the beginning of its path, as may be seen by an inspection of the range-velocity relations published by Bohr (1941) . Nevertheless, the point of origin of the fragments producing a track may be located within a limited distance if the data of Boggild al. are employed. According to these authors, the mean ranges of the two principal groups of fission fragments in air are 25 and 19 mm. respectively. Assuming the stopping power of the emulsions relative to air to be the same for both groups of fragments, the point of fission must occur, in practically all cases, in the central 5 // of each double track as observed in the plates.
The mean range of fission tracks in B 1 and C 2 emulsions, desensitized by 0*5 % uranyl acetate solutions, is 24*0 pi.The mean total range of fission fragments in the stopping power of these emulsions for heavy ions is 1840 approximately. In strongly desensitized plates, the mean range is reduced, and it is 23*0 // in an emulsion desensitized with a 4 % uranyl acetate solution. This effect may be explained on the basis of the rangevelocity relation for heavy ions derived by Bohr (1941) ; this shows that the specific ionization decreases with decreasing velocity over the greater part of the trajectory before rising to a sharp maximum, at very low velocities. This maximum, however, is concentrated within a very short distance, of the order of the mean diameter of the grains in a photographic plate, and its effect is therefore not normally evident in the Ilford plates. The general decrease of specific ionization with decreasing velocity does, on the other hand, account for the fact that, in strongly desensitized plates, the latter parts of the fragment tracks are not recorded, since the density of ionization is insufficient to render the grains developable. The observed mean range under these conditions is, therefore, less than the true mean range of the fragments.
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The occurrence of a large number of nuclear recoil tracks along the path of a fission fragment is a consequence of the high charge and high mass (vide Bohr 1940) of the fragment. Such recoil tracks occurring in the central parts of double-fission tracks may be confused with the tracks of particles emitted at the instant of fission, and it is therefore necessary to make an analysis of the recoil tracks in order that they may be distinguished, on the basis either of their total abundance or of the deflexion of the fission fragment track.
The importance of multiple nuclear recoils in contributing to the stopping of fission fragments, especially at low velocities, has been emphasized by Bohr (1941) . In the case of an individual collision, the principles of conservation of energy and momentum establish the following relation between the recoil energy (e) and the fragment energy ( ):
4 Mm E cos2 , (M-\-m)2 where 6 = angle between the original fragment direction and the direction of the recoil nucleus (see figure 4) , M -mass of fission fragment, and m = mass of recoi
Under the normal conditions of microscope observation, it is necessary to impose a lower limit on all range measurements, so that tracks of range shorter than the arbitrary limit are rejected. In this experiment, the limit was fixed at 1*7 fi, corresponding to a range of 3 mm. in air for a-particles and heavier particles. (In converting ranges in the Ilford concentrated emulsions to the corresponding ranges in air, the stopping-power data of Lattes, Fowler & Ciier (1947) are employed.) This restriction leads to the imposition of a lower limit on e, for a given value of m, and an upper limit (#max.) on 6 when m and E are specified. The crosssection (j ) for the production of recoil tracks of range greater than 1-7/f can then be cal culated, if the charge numbers (z, z') of the fission fragment and the recoil nucleus are known; the Rutherford scattering formula yields the relation
where a = total collision cross-section and Pmax = maximum impact parameter corre sponding to recoil angle 0m a x. The cross-section calculated from these formulae greater than the true cross-section because no allowance has been made for the screening of the nuclear charges by extranuclear electrons. Nevertheless, it may be used to estimate an upper limit for the probability of occurrence of nuclear recoil tracks longer than 1*7//. In the case of fission fragments traversing a photographic emulsion, the nuclear recoils may be divided into three groups, according to the mass of the nucleus struck; these groups are:
(i) Protons The proton recoils may be neglected, since they do not contribute appreciably to the stopping of the fragments and since proton tracks were suppressed in the emulsions used in this experiment.
In the majority of cases it is possible to distinguish the tracks of light recoils from those of heavy recoils by measuring the angle of deflexion (^) of the main fission track at the point of collision. For the light nuclei, m is always less than Af, so that there is a maximum angle of deflexion (^max) determined by the relation
L. L. GREEN AND D. L. LIVESEY ON TH E LIG H T CHARGED
Taking the minimum value of M to be 80, the following values of ^max, are obtained:
On the other hand, for heavy recoils there is a minimum angle of deflexion n.) imPose<i by the condition that the recoil nucleus should have a range greater than \ ' l fi. The values of 0mjn for silver and bromine may be calculated from the range-velocity relation of Bohr (1941)5 assuming the maximum value of the fission fragment energy to be 100 MeV, the following figures are obtained:
It appears, therefore, that if < f > exceeds 12° in any collision, the recoil nucleus is heavy, while if (j>is less than 8° it is light. Light and heavy recoils may be differentiated in this way, and in practice ambiguity arises in less than 20 % of the total number of recoils observed.
An experiment was carried out to determine the distribution of the abundance of light and heavy recoils along the length of the fission tracks. 2400 fission tracks, lying in the focal plane of the microscope objective, were examined in plates which were fully sensitive to light recoils, but only partially sensitive to a-particles. This precaution was taken to avoid confusion between recoil tracks and the tracks of light particles, of mass similar to that of an a-particle, originating at the point of fission. The results of the observations are reproduced in histogram form in figure 5 , where the number of recoil tracks is plotted as a function of the distance between the point of collision and the nearer end of the fission track, expressed as a percentage of the total range. In preparing this diagram, those recoil tracks which could not definitely be allocated to either the light or the heavy group (vide supra) were divided among the two groups in the ratio of the estimated abundance. material, namely, 3*4g./c.c. of silver bromide and 0-54g./c.c. of gelatin. In calculating these curves, the range-velocity relations for light recoils were taken from the data of Knipp & Teller (1941) , and the following figures were adopted for the mean mass, charge, and initial energy of the fission fragments: U = 120, z = 45, = 80 MeV.
In general, the theoretical curves lie above the experimental values, in accordance with the fact that the theory does not take into account screening effects. The existence of maxima in the graphs is due to the lower limit of acceptance of particle ranges; as is well known, if this limit is reduced to zero, the formulae for the collision cross-sections become divergent. The total abundance of recoils of the two types was also determined. In 2400 fission tracks observed, 83 heavy recoils were found, corresponding to an abundance of 1 in (29 ± 3) tracks. Forty-three light recoils were found, corresponding to an abundance of 1 in (56 ±5) tracks. Similar observations were carried out in a plate which was fully sensitive to a-particles and all heavier charged particles, but, in this investigation, the central 5 [i of each track were excluded, in order to eliminate any light particles emitted in the fission process. 620 fission tracks were examined, and 21 heavy recoils were found, that is, 1 in (30 6) tracks. Thirteen light recoils were found, corresponding to an abundance of 1 in (48 ± 12) tracks. The agree ment between these figures and those obtained in the more extensive investigations shows that the observers did not omit appreciable numbers of light recoils in the less sensitive plates. Cassels et al. (1947) reported that in approximately 4 % of fission events, a short-range secondary charged particle was emitted, and that this was probably an a-particle. Such particles should be recorded in photographic plates as short tracks originating near the centres of the double fission fragment tracks. It is not possible to observe the particles in B 1 or C 2 emulsions of normal sensitivity because of the heavy background caused by the irradiation of the plates with neutrons. Although this background may be largely eliminated by means of the desensitization technique, this process necessarily involves the inhibition of some, at least, of the proton tracks present, and therefore of protons which may be emitted in the fission process. However, the results of the counting experiments indicated that the particles were probably a-particles, and the tracks of these are not inhibited by moderate desensitization. In view of these facts, it was decided to search for particles, heavier than protons, emitted in the fission process. Accordingly, the investigation was carried out in plates which were fully sensitive to a-particles and only partially sensitive to protons; these conditions were realized in C 2 plates impregnated with 0*5 and 1 % uranyl acetate solutions.
O n the fission of uranium into three charged particles

A. Emission of light nuclei
The preliminary work was carried out using plates with emulsion coatings 20 thick. One of the observations made with these plates was that, in a small proportion of fission events, very long tracks appeared to originate near the point of fission. The range distribu tion of these high-energy particles could not be measured accurately because most of them escaped from the sensitive layer. The abundance was estimated to be approximately one in 300 fission events, and the maximum range observed was 230 /i, equivalent to 43 cm. o f air.
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These particles were certainly not the same as those investigated by Cassels et ., whose coincidence-counting arrangement was not sufficiently sensitive to detect long-range particles of such low abundance.
Because of the low abundance and considerable range of these particles, it was not possible to obtain comprehensive data about them by the methods employed in investigating the short-range particles. The experimental work was therefore divided into two parts, with an arbitrary division determined by the. particle range. This division was fixed at 5 //, equivalent to 8 mm. of air. Particles of range shorter than this were studied in plates with 20 / / coatings, and the long-range particles were investigated separately in 100// plates.
Long-range particles
In order to investigate the phenomenon of the emission of long-range light particles in fission, fission tracks were prepared in C 2 emulsions 100// thick. The plates, which contained approximately 40 tracks/sq.mm., were examined systematically by two observers, working independently and using a microscope system with an overall magnification of x 1000. The observers recorded details of the range of each long-range particle detected, the angle between its track and the tracks of the fission fragments, and the distances of the point of emission from the two ends of the main track. A typical example of a long-range particle track is shown in figure 20 , plate 11.
The total number of fission tracks counted, in four plates of similar sensitivity, was 20,000, and 58 cases of long-range particle emission were observed. The abundance of particles with ranges exceeding 5// is therefore 1 in (340 ±40) fission events. No definite correlation between the range of the particle and the angle of emission was established, and the grain density of the particle tracks was approximately equal to that ofa-particles of the same range. A rough estimate of the mass of the light particles may be obtained by measuring the small angle of deflexion of the fission track at the point of emission and by applying relations based on the principle of conservation of momentum. In such calculations it is necessary to assume the stopping power of the emulsion for fission fragments in order to derive the particle velocities from their ranges, and no allowance can be made for the momentum of secondary neutrons emitted in fission. The estimated mass depends sensitively on the magnitude of the angle of deflexion, which is usually less than 5°, and which is difficult to measure accurately because of the pronounced small-angle nuclear scattering of the fission tracks. For these reasons the method is not capable of high accuracy. Table 1 includes the measured angles of deflexion in seven typical cases and the calculated mass numbers. The mean value of the mass number is 3*6, and, considering the errors in the individual determinations, it is considered that all the results are consistent with the assumption of a single mass number of 4. The fraction of particles of a given range ending outside the sensitive layer is a function of the range; thus the observed range distribution differs from the true distribution. The true distribution is obtained by applying an escape correction to the experimental data. It is proved in the Appendix that, provided that the fission tracks are randomly oriented and are uniformly distributed throughout the thickness of the emulsion, the fraction (/) of tracks of range ( R) ending inside an emulsion of thickness is
The reliability of these correction formulae was checked by comparing the observed number of long-range particles crossing the boundary planes of the emulsion with the number cal culated from the above formulae. The experimental figure was 25 tracks out of a total of 58 long-range particles detected, and the calculated figure was 29, which is in sufficiently close agreement with the first figure. The range distribution of long-range particles, corrected for escape, is shown in figure 6 . There is a continuous distribution between 5 and 180/*, and the maximum range measured was 296 /*, equivalent to 55 cm. of air. 
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If it is assumed that the light particle is emitted at the instant of fission in each case, its track accurately defines the point of fission, and it is therefore possible to measure the range of the individual fragments. The range distribution of the individual fragment tracks is shown in figure 7 , which expresses the results of observations on 24 fission events in which the angles of dip of the fission tracks were less than 10°. Two distinct groups are present. This indicates that the mass of the compound nucleus is divided asymmetrically in this mode of fission, and the group of longer range may be identified with the group of lighter fragments. The mean range of the lighter fragments is 12*5 /*, and that of the heavier fragments in 9*8/*. These figures may be used in conjunction with the range-velocity data of Bohr (1941) to calculate the average mass for each group, applying the principle of conservation of momen tum to the process. In these calculations, the momenta of the light charged particles and The distribution of the total range of the fission tracks associated with long-range particle tracks is shown in figure 8 , together with the range distribution of all types of fission tracks. The mean range of all types of fission tracks in these plates is 24*0 [this figure exceeds the sum of the mean ranges of the individual fragments (9*8 and 12*5//) because the number of tracks in the two groups are not equal, owing to the inclusion in the longer group of a small number of cases of symmetrical division, whereas that of 24 tracks, associated with the emission of light particles of range exceeding 5 //, is 23*2 //]. If the selection is further restricted to cases in which the range of the emitted particle exceeds 50//, the mean range of 13 fission tracks is 22*9 //. This evidence indicates that there is a small diminution in the fission frag ment ranges when a long-range particle is emitted. It is probable, therefore, that the total energy release in the modes of fission here investigated is not appreciably greater than the average energy released in binary fission. The angular distribution of emission of the long-range particles was obtained by plotting the number of tracks as a function of the angle between the particle track and the longer of the two fragment tracks, that is, the track of the lighter fragment. Figure 9 represents the results of observations on 31 tracks; it shows that the particles are emitted in directions nearly perpendicular to the initial line of separation of the fission fragments, and that the most probable direction of emission makes an acute angle with the direction of motion of the lighter fragment. The mean angle of emission, relative to this direction, is approxi mately 77°.
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Short-range particles
In searching for the tracks of short-range light particles emitted in the fission process, a difficulty is encountered which was not present in the investigation of long-range particles. The tracks of nuclear recoils are frequently longer than the lower limit of detection (1*7//), and these may be confused with the tracks of particles emitted at the instant of fission.
The tracks of heavy nuclei are readily distinguished and eliminated by observations on the angle of deflexion of the main fission track at the point of collision; the minimum angle of deflexion caused by a heavy recoil is 8°, whereas the maximum due to the projection of short-range a-particles is less than 5°. However, the light recoils cannot be identified in this way, though their abundance may be deduced from the experiments described in § 3. These experiments show that the abundance of light recoils of all types located in those parts of the fission track which contain the point of fission, that is, in the central 5// of the track, is 9 recoils in 2420 fission events, or 1 in (270 ± 60) fission events. This is in agreement with the theoretical estimate based on the Rutherford formula. Unless, therefore, the abundance of short-range light particles emitted in fission is appreciably greater than this figure, reliable information concerning the emission of such particles cannot be obtained by the photographic plate method. On the other hand, the method is clearly applicable if the results of Cassels et al. regarding the abundance of short-range light particles are approxi mately correct.
Experimental results on the occurrence of short tracks originating in the central 5 /* of the double-fission tracks were obtained by two observers, who examined a large number of fission tracks with a microscope giving an overall magnification of x 1500. In order to obtain accurate determinations of the angles of deflexion of the main fission tracks, the investigation was restricted to those fission tracks which lay entirely within the focal plane of the micro scope objective. (The depth of focus was approximately 0*5 //.) The 20 plates used were fully sensitive to a-particles and partially sensitive to protons; they contained approximately 25 fission tracks/sq.mm, lying in the focal plane. Fission tracks with subsidiary tracks originating near the point of fission were recorded and the number satisfying the following conditions was determined:
(i) the point of emission of the short-range particle lay within the central of the fission track;
(ii) the angle of deflexion of the fragment tracks was less than 5°; (iii) the range of the secondary track was between 1*7 and 5'Qju. It should be noted that the condition (ii) is effective in eliminating some proportion of the light recoil tracks, the total abundance of which, satisfying conditions (i) and (iii) is 1 in (270± 60) fission events, as previously quoted.
Out of 5000 fission tracks examined, the number with subsidiary tracks satisfying the above three conditions was 48, so that the abundance was 1 in (104 ± 10) fission events. This figure is significantly higher than the abundance of light recoils. Moreover, some of the short tracks observed had ranges of the order of 5 //, and were very nearly perpendicular to the directions of the fragments. Calculations showed that these could not have been produced by light recoils. A typical example of such a track is shown in figure 21 , plate 11. This evidence, taken in conjunction with the positive result of the coincidence-counting experiments, establishes the existence of short-range light particles emitted in fission.
The abundance of short-range particles quoted above is subject to errors from two sources. First, it is probable that a number of light recoils was included in the count: since the abundance of light recoils of the correct type is less than 1 in (270 ± 60) events, the error from this cause is unlikely to have been greater than 3 0 %. Secondly, there is an error in the opposite sense caused by the difficulty of detecting short tracks emitted from the fission track in the direction of viewing. Such tracks are concealed by the grains composing the fission track. This error has not been estimated, but it should not exceed that due to the inclusion of light recoils. Taking these factors into account, the abundance of short-range particles is quoted as 1 in (100 ± 30) fission events.
The distribution in range of the short-range particles is shown in figure 10 . The average range of these particles is 2*8//, equivalent to 5 mm. of air. Again there is no obvious corre lation between the ranges of the particles and the angles of emission. On the assumption that the point of emission in each case defines the point of fission, the range distribution of individual fragments was deduced as before, and is shown in figure 11 . In this graph two groups of fragments are not resolved, but this may be due in part to the inclusion of a small number of recoil tracks in the group investigated. The angular distribution of emission of the particles is shown in figure 12 the angle between the particle track and the initial directions of the fragments. The results show once more that there is a preferential emission of particles in directions nearly perpen dicular to those of the fragments. 
Combined results
The distinction, hitherto drawn, between long-range and short-range particles emitted in fission is entirely arbitrary. The combined range distribution of all the particles observed is shown in figure 13 . If it is assumed that all the light nuclei emitted are a-particles, the energy distribution may be deduced and this is given in figure 14 . It appears that there is a continuous distribution of energies between a minimum corresponding*to the lower limit of detection, namely, 1*7 /*, and a maximum in excess of 20MeV. There is some evidence for a broad peak in the distribution near 17 MeV, in addition to the peak caused by shortrange particles.
The total abundance of light nuclei emitted in fission under these conditions is 1 in (80± 30) fission events. The combined angular distribution is shown in figure 15 , in which the number of tracks is plotted as a function of the angle between the direction of the light particle and that of the fission fragments.
B. The division of uranium into three heavy fragments
The modes of ternary fission discussed in the previous sections involve the emission of a light nucleus in addition to the two heavy fragments. This process is roughly analogous to the emission of secondary neutrons, assuming that these neutrons are emitted instantaneously. It is possible that fission of the compound nucleus may also give rise to three fragments of comparable mass, as has been suggested by Present & Knipp (1940) .
If such a mode of ternary fission occurs, the triple tracks produced in photographic plates are in many cases entirely similar to those caused by heavy nuclear recoils, and the two types of track are not always distinguishable by the application of rules based on the principle of conservation of momentum. The plates used in the experimental investigation of recoil tracks ( § 3) were fully sensitive to light recoils, and would therefore have recorded tracks of heavy fragments produced in ternary fission. In this investigation, such tracks would have been included in the count of heavy recoils; the fact that the observed abundance of heavy recoils was fairly low (1 in 29 fission events) proves that fission into three heavy fragments is not of frequent occurrence.
An independent investigation of a large number of fission tracks was undertaken in a search for triple tracks which could be ascribed definitely to ternary fission as distinct from heavy recoils. No such track was found in 5000 fission events examined in a plate which was fully sensitive to heavy ions but insensitive to a-particles. The abundance of these tracks must therefore be very low. Since this experiment was completed, Tsien, Ho, Vigneron & Chastel (1947) have reported a single case of ternary fission into heavy fragments, but these authors have not determined the abundance of such events.
G. Discussion
Before discussion of the results of various experiments on the fission of uranium into three charged particles is possible, it is necessary to ascertain which of the isotopes of uranium gives rise to the phenomenon. It was shown in § 2 that the isotope U 238 was responsible for less than 1 % of the total number of fission tracks observed in the photographic plates used. In Vol. 241. A. these plates, long-range particles were observed with an abundance of 1 in (340 it 40) fission events. This figure may be compared directly with the recently reported results of Farwell, Segre & Wiegand (1947) , who, using a foil of U 235 irradiated with slow neutrons, detected long-range particles with an abundance of 1 in (250 i 50) fission events. The agree ment between the two sets of results can only be explained by attributing the emission of the long-range particles detected in the plates to the isotope U 235.
The experimental results concerning short-range particles may be compared with those obtained in the coincidence-counting experiments of Cassels These authors estimated the abundance to be 1 in 25 fission events, but this was derived on the assumption that the particles were emitted isotropically. If the estimate is corrected, using the angular dis tribution shown in figure 12 , the abundance is reduced to 1 in 90 fission events, in agreement with the photographic plate results. This confirms the previous deduction that the light particles detected in the photographic plates were caused by the isotope U 235, since the uranium samples used in the counting experiments were enriched in the U 235 isotope. The range and specific ionization of the particles detected in the coincidence-counting experiments correspond to those of a 1 MeV a-particle, and this interpretation is also con sistent with the observations described above.
An independent investigation of the fission process by the photographic plate method has been made by Demers (1946^) . This author employed a multiple layer technique to obtain paired fission tracks with the point of fission located in a thin uranium layer. By this means he was able to detect the emission of the long-range light particles and to show that it occurs within 2 x 10"*4 sec. of the instant of fission. He assumed that the particles observed were a-par tides.
Finally, the emission of long-range particles has been studied by the photographic plate method by Tsien et al. (1946) , who confirmed the principal results described The range distribution and the abundance ratio deduced by those authors also agree with those described above. Tsien et al. have made estimates of the masses of the light particles, based on the measured angles of deflexion of the fission fragment tracks, as described in a previous section. They state that some of the particles have masses differing significantly from that of the a-particle, and they quote two cases of emission of particles with mass numbers equal to 9 ± 2. However, it is to be emphasized that the results of these calculations are subject to large errors, for several reasons previously specified. On this point the results of this paper do not agree with the deductions of Tsien et al., since they indicate that in all cases the estimated mass is consistent with a single mass number of 4. If the results of all the experiments are considered, the following facts concerning the emission of light nuclei in the fission of U 235 by slow neutrons may be regarded as established:
(i) A light nucleus is emitted in approximately 1 % of fission events, and in one-quarter of these cases the range exceeds that of the fission fragments.
(ii) The range of the light nucleus takes all values up to a limit exceeding 55 cm. air equivalent.
(iii) The specific ionization of the particle is similar to that of the a-particle.
(iv) The average mass number is very nearly 4.
(v) The interval of time elapsing between the fission process and the emission of light nucleus is frequently less than 2 x 10"14 sec.
(vi)
The angular distribution of emission directions has a maximum in a direction nearly perpendicular to that of the initial motion of the fission fragments. In cases where longrange particles are emitted, the most probable direction of emission makes an acute angle with the direction of projection of the lighter fission fragment.
It is clear that the latter effect can only be explained as the result of electrical forces operating between the three particles when the light particle is situated centrally between the other two particles. In other words, the emission of the light nucleus is effectively simultaneous with the division of the compound nucleus.
The phenomenon of light particle emission may be interpreted in two ways. First, the compound nucleus may split directly into three fragments, with the lightest fragment situ ated centrally, as suggested by Tsien (1947) . In consequence of this hypothesis, Tsien postulates that the light particle does not have a unique mass, and that the mass number varies between 1 and 9, at least. It is necessary to assume that the probability of formation of the light nucleus decreases with increasing mass number, in order to explain the low abundance of events in which the compound nucleus splits into three heavy fragments. If this interpretation is correct, it is probably to be expected that some of the light nuclei emitted will have a large neutron excess, and will therefore be radioactive; for example, the isotopes H 3 and He6 should be produced. A simple test of the theory would thus be provided by a search for radioactive effects associated with the long-range particles emitted.
An alternative interpretation of the phenomenon, put forward by Feather (1947) , is based on the assumption that all the light nuclei emitted aYe a-particles. It is pointed out that the nuclei occurring in the fission fragment region (z = 35 to z = 60 approximately) are most unstable with respect to a-particle emission when z = 40 and z = 60 approximately. For example, it is known that the samarium isotope Sm148 emits a-particles of energy 2 MeV. If, therefore, one of the primary fragments formed in fission has a nuclear charge close to 40 or 60, it may immediately emit an a-particle, provided that the potential barrier is suffi ciently deformed to cause a reduction of the half-life of the process to a value less than 10-14sec. A further necessary condition is that the a-particle should be emitted in a direction nearly opposite to the direction of motion of the parent fragment, in order to explain the observed angular distribution. One feature of this hypothesis is that it explains the pro nounced asymmetry of division of the compound nucleus which occurs when long-range particles are emitted. It also relates the abundance of light particles to that of a specific range of primary fragments, namely those with z = 40 and z = 60 approximately, and this may in principle be determined by other means (Plutonium Project Report 1946) .
In conclusion, it may be noted that the emission of light nuclei in fission should not be confined to the slow neutron induced fission of U 235, but should occur also in fission of other elements. Farwell et al. (1947) have in fact already reported the emission of long-range particles in the fission of plutonium Pu239 by slow neutrons, and further experiments to detect the effect in fission of U 238, T h232, etc., may be expected.
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A ppen d ix
It is required to calculate the fraction ( /) of particles of range which is contained within a photographic emulsion of thickness 2d. It is assumed th uniformly distributed throughout the emulsion, and that they are emitted isotropically.
Consider those particles originating in a layer of thickness parallel to the boundary planes and at a distance x from the median plane 0 ) ,as shown in figure 16 . If, now, R<d, and x < d -R, none of these particles escapes from the emulsion. If R<dand d -R < x < d , then a fraction of the particles escapes a to the ratio ( p) of the solid angle subtended by the upper segment in figure 16 to th solid angle of 47r. Thus
The total number of particles produced in the domain 0 and escaping from the emulsion, is as follows, provided that R < d:
The same formula is applicable to the cases when d < R < 2d, as may be seen by considering that the number escaping from the domain 0<*<</is then effectively:
If R> 2d, the fraction f may be determined directly. For all values of x between -d and + d, the sphere of radius R cuts both boundary planes, and the area of the segment enclosed by the planes is constant, being equal to 4wRd. The es = 1R-
The fraction remaining inside the emulsion is then Figure 21. Fission event in w hich a short-range light particle is emitted.
